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We have studied plasma formation and relaxation dynamics along with the corresponding topography modifi-
cations in fused silica and sapphire induced by single femtosecond laser pulses (800 nm and 120 fs). These
materials, representative of high bandgap amorphous and crystalline dielectrics, respectively, require nonlin-
ear mechanisms to absorb the laser light. The study employed a femtosecond time-resolved microscopy tech-
nique that allows obtaining reflectivity and transmission images of the material surface at well-defined tem-
poral delays after the arrival of the pump pulse which excites the dielectric material. The transient evolution
of the free-electron plasma formed can be followed by combining the time-resolved optical data with a Drude
model to estimate transient electron densities and skin depths. The temporal evolution of the optical properties
is very similar in both materials within the first few hundred picoseconds, including the formation of a high
reflectivity ring at about 7 ps. In contrast, at longer delays (100 ps–20 ns) the behavior of both materials differs
significantly, revealing a longer lasting ablation process in sapphire. Moreover, transient images of sapphire
show a concentric ring pattern surrounding the ablation crater, which is not observed in fused silica. We at-
tribute this phenomenon to optical diffraction at a transient elevation of the ejected molten material at the
crater border. On the other hand, the final topography of the ablation crater is radically different for each ma-
terial. While in fused silica a relatively smooth crater with two distinct regimes is observed, sapphire shows
much steeper crater walls, surrounded by a weak depression along with cracks in the material surface. These
differences are explained in terms of the most relevant thermal and mechanical properties of the material.
Despite these differences the maximum crater depth is comparable in both material at the highest fluences
used 16 J/cm2. The evolution of the crater depth as a function of fluence can be described taking into account
the individual bandgap of each material. © 2010 Optical Society of AmericaOCIS codes: 320.2250, 320.7110, 140.3390, 350.5400.
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t. INTRODUCTION
ith the advent of ultrashort pulse laser technology (pi-
osecond and femtosecond), providing high peak intensi-
ies and ultrafast energy deposition, deterministic pro-
essing of dielectric materials has become possible. The
esulting reduction in the collateral damage has stimu-
ated their use in surface processing with a nanometric
esolution [1–3] and for producing bulk devices [4,5]. In
rder to achieve optimum results, a comprehensive
nowledge of absorption and excitation processes (multi-
hoton absorption, ionization, etc. [6]) and the subsequent
ynamics of ablation process and its relation to the sur-
ace topography produced is indispensable and has thus
een the focus of interest of many research groups over
he last decades [1–17].
It has been shown that the topography of the femtosec-
nd laser ablated crater strongly depends on the material.
atanabe et al. [7] performed a comparative study of dif-
erent crystalline materials. Sapphire showed a pro-
ounced ablation crater with steep walls, surrounded by a
eak depression, with the latter being attributed to a0740-3224/10/051065-12/$15.00 © 2entle ablation process induced by Coulomb explosion [8].
lso, the differences in the ablation features of sapphire
nd fused silica have been discussed in terms of the dif-
erent orders of the phase transition involved upon melt-
ng in both materials and the differences in their trapping
ynamics [9]. Other crystalline oxides, such as magne-
ium oxide or zirconium dioxide, also exhibit pronounced
blation craters, but are surrounded by small ablated par-
icles re-deposited at the material surface. In contrast,
morphous dielectrics show a different behavior. Siegel et
l. [10] and Puerto et al. [11] observed in fused silica an
blation crater with less steep walls surrounded by a pro-
ounced depression, with the latter being attributed to
aterial densification. In a borosilicate glass, Ben-Yakar
t al. [12] observed material elevation (crater rim) sur-
ounding the ablation crater, which they attributed to
elt ejection (piston effect).
In order to disentangle the mechanisms responsible for
ifferences in the surface morphology, time-resolved opti-
al pump-probe techniques help in determining the evolu-
ion of the optical properties of the excited material. For010 Optical Society of America
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1066 J. Opt. Soc. Am. B/Vol. 27, No. 5 /May 2010 Puerto et al.nstance, Chowdhury et al. [13] studied the dynamics of
he ablation process in both sapphire and fused silica.
heir results showed a strong fluence dependence of the
ransient reflectivity and transmission, and they were
ble to determine the temporal evolution of those param-
ters at a few selected fluences. Unfortunately, these
tudies did not include a detailed comparison of their
ime-resolved results to the final (permanent) surface
orphology produced, most likely because of the difficulty
o relate single-point pump-probe data, measured at the
enter of the laser-excited region, to a complex two-
imensional (2-D) surface morphology.
A useful technique to overcome this limitation is femto-
econd pump-probe microscopy with a pulse-limited tem-
oral resolution of the order of the laser pulse duration
14–19]. Based on microscopy, time-resolved optical data
re acquired in the form of a series of 2-D microscopy im-
ges of the irradiated region at different time delays of
he probe pulse, illuminating the excited region. The ad-
itional spatial resolution of this experimental technique
in a few micron range), compared to conventional pump-
robe approaches, allows obtaining precise information of
he dynamics of these processes at each position of the in-
ensity distribution of the pump spot. This technique has
lready been employed for the study of femtosecond laser
rradiated fused silica [10,11].
The goal of this work is to extend the previous studies
o sapphire and to enable a direct comparison between
he behaviors of wide bandgap amorphous and crystalline
aterials. This should yield information on the underly-
ng mechanisms that lead to the pronounced differences
n the surface topography. Particularly, we study the dy-
amics of the free-electron plasma formation-relaxation
nd the dynamics of the ablation process and their rela-
ionship to the final ablated crater topography.
. EXPERIMENT
he materials used in this study are fused silica (“Litho-
il” by Schott) and sapphire (VM-TIM) which have band-
aps of 7.2 and 9.9 eV, respectively. The polished material
urface has been cleaned in an ultrasonic bath, is free of
efects, and has not been pre-irradiated in order to avoid
ncubation effects [20].
. Irradiation System with Femtosecond Pump-Probe
icroscopy
emtosecond pump-probe microscopy is an optical tech-
ique, in which a laser pulse (120 fs at 800 nm) is split
nto two replicas: a high-energy pulse (pump) for irradia-
ion and modification of the sample and a low-energy
ulse (probe), frequency doubled to 400 nm, for strobo-
copic illumination of the irradiated surface at a variable
elay defined by an optical delay line. The experimental
onfiguration is detailed in [11,14]. Briefly, the s-polarized
ump pulse is focused at the sample surface by a lens f
150 mm at an angle of 54°, producing an elliptical spot
ith an approximately Gaussian intensity distribution
76 m51 m, 1/e2 diameter). As a consequence, the lo-
al fluence at different radial positions of the irradiated
urface can be calculated in a straightforward way. How-
ver, in order to determine threshold values of mecha-isms with a high precision, irradiations have also been
erformed at different peak fluences. This eliminates the
ossibility of a non-perfect Gaussian intensity profile as a
otential error source for absolute fluence measurements.
he irradiation is performed in air with a single pulse se-
ected from the pulse train of the regenerative amplifier
unning at 100 Hz, using an electronically synchronized
lectro-mechanical shutter. It has been ensured that nei-
her self-focusing nor dielectric breakdown in air of the
ump beam before reaching the sample occurs under the
resent experimental conditions. This test has been per-
ormed by removing the sample and measuring the inte-
rated and fractional pulse energies passing through a
eam clipping circular aperture after the focus as func-
ions of the incident pulse energy. A linear behavior is ob-
erved in both cases over the whole energy range used.
his is consistent with a calculation of the critical power
or self-focusing in air [21,22] which in our case leads to
.3 GW or 280 J, above the maximum energy used in
ur experiment Emax=200 J.
As for the probe beam, a temporal delay can be intro-
uced between the arrivals of the pump and probe pulses
t the sample surface using motorized (up to 1 ns) and
anual (up to 20 ns) optical delay lines. The reflected or
ransmitted normal incident probe light is detected, using
standard microscopy configuration to form an image of
he sample surface (illumination field of 440 m
330 m) onto a 12 bit charge-coupled device (CCD)
amera, which is synchronized with the laser system. The
maging system includes a long working distance micro-
cope objective [20, numerical aperture NA=0.42] and
tube lens f=200 mm, which allows one to collect the
robe pulse light and acquire images of the material sur-
ace with a spatial resolution of 1 m. Furthermore, a
andpass filter (centered at 400 nm) is used to block the
cattered pump light and broadband plasma emission.
he estimated temporal resolutions of the system are
800 fs for reflectivity and 400 fs for transmission mea-
urements [10,11].
. Topographic and Morphological studies
fter irradiation, the surface topography and morphology
ave been studied in detail employing three different
ypes of microscopes: First is a white light microscope
WLM) (Carl Zeiss, Axiophot) with a high-magnification
bjective lens (50, NA=0.75), used in the reflection
ode. The spatial resolution of this microscope is
0.5 m. Second is an optical interferometric microscope
OIM, Sensofar, PLu 2300) with a high-magnification in-
erferometric objective lens NA=0.55. Here, the light
mitted from a light-emitting diode (460 nm wavelength)
asses through a beam splitter and illuminates both the
ample surface and a built-in reference mirror. The light
eflected from these surfaces is recombined on a CCD
amera forming a fringe interference pattern. Employing
hase shift interference, the system provides a lateral
esolution of 0.5 m and a nanometric depth resolution.
hird, an atomic force microscope (AFM, PSIA XE-100) in
he tapping mode is used. This system provides a lateral
esolution of 0.15 nm and a depth resolution of
0.05 nm.
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. Dynamics of Plasma Formation and Ablation
he images in Fig. 1(a1)–1(a3) and Fig. 1(b1)–1(b3) show
haracteristic time-resolved images of the surface reflec-
ivity of fused silica [Fig. 1(a)] and sapphire [Fig. 1(b)] af-
er irradiation with single pump pulses with peak flu-
nces of 11.9 and 13.1 J/cm2, respectively. These images
how a spatially extended large increase in the surface re-
ectivity due to the formation of a dense free-electron
lasma [10,16], which reaches its maximum at t
1.5 ps in both materials. At longer delays a central dark
rea is formed, reaching reflectivity values below the ini-
ial surface reflectivity of the material at t7 ps. This
ecrease is a clear sign that surface ablation has started
16]. Outside the ablating region (central dark area), a
ing of high reflectivity remains at this delay. While this
henomenon has already been reported to occur in fused
ilica [10], Fig. 1(b2) shows that this peculiar feature is
lso present in sapphire under the same experimental
onditions.
On the contrary, the behavior of both materials is dif-
erent at delays of tens of nanoseconds. While in fused
ilica at 10 ns the ablation crater is already visible [Fig.
(a3)] and similar to the surface observed several seconds
fter the irradiation, in sapphire the ablation process ex-
ends beyond 20 ns [Fig. 1(b3)], the maximum delay
chievable in our experimental setup.
Since the laser beam has an approximately Gaussian
ntensity profile, different positions on the irradiated sur-
ace correspond to different local fluences [Fig. 1(a2) and
(b2)], whose values can be determined approximately in
straightforward way [10,23]. Acquiring a series of time-
esolved images at different delays we can reconstruct the
emporal evolution of the surface reflectivity at different
ocal fluences. The resulting images in Fig. 1 show an
verall very similar temporal behavior for both materials
uring the first moments of the ablation process t
100 ps. This is consistent with the observations of
howdhury et al. [13], which were carried out using a
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ig. 1. (Color online) The upper row shows characteristic surfac
b3) sapphire at different delay times t after arrival of the pum
blation crater. The image size is 58 m37 m and the contra
he graphs in the lower row [(a4) for fused silica and (b4) for sapp
ocal fluences corresponding to different spatial positions as indi
urface reflectivity R before irradiation.0ump-probe system with a focused probe pulse (no spatial
esolution) in irradiation series at different fluences.
A quantitative assessment of the reflectivity evolution
s plotted in Fig. 1(a4) and 1(b4). At the peak fluences for
used silica and sapphire (11.9 and 13.1 J/cm2) the reflec-
ivity maximum occurs at t1.5 ps and reaches nearly
he same value (Rmax=0.23 and 0.24) in both materials.
his large reflectivity increase is consistent with the for-
ation of a dense free-electron plasma. The onset of ab-
ation becomes evident already at t2 ps, when the re-
ectivity at the center of the excited region starts to
ecrease in both materials. This time delay for the abla-
ion onset is comparable to the one provided for both ma-
erials in [13], whereas Rosenfeld et al. [24] found a com-
arable value only for fused silica t=3 ps, but a
onsiderably higher value for sapphire t=12 ps. This
ifference can most likely be explained by the different
xperimental techniques employed. The technique used
n [24] measures the scattered probe light with a photo-
ultiplier, positioned off-axis, which detects a spatial av-
rage of the scattered light. On the contrary, our tech-
ique measures the reflected light with a CCD camera,
hich records a sharp image of a well-defined plane (the
urface). In this way our technique is expected to be more
obust against out-of-focus contributions and
isalignment/defocusing of the probe beam.
Studying the reflectivity evolution as a function of the
ocal fluence [Fig. 1(a4) and 1(b4)], we find that reflectiv-
ty maximum and/or ablation onset are delayed with re-
pect to the peak fluence in both materials, consistent
ith the results reported in [13]. In particular, in the low
uence regime corresponding to the characteristic ring of
ncreased reflectivity (6.4 J/cm2 for fused silica and
.1 J/cm2 for sapphire), Rmax is reached at t3 ps for
oth materials. Moreover, in this fluence regime the re-
ectivity values never decrease below R0, the initial sur-
ace reflectivity of the material, indicating the absence of
blation.
The evolution of the transmission of the laser irradi-
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1068 J. Opt. Soc. Am. B/Vol. 27, No. 5 /May 2010 Puerto et al.ted surface has also been studied and the results are
hown in Fig. 2. Note that the transient transmission
ata have been analyzed only in the region to the left of
he spot center [symbols in Fig. 2(a2) and 2(b2)] in order
o avoid the complexity of a dominant influence of the
lectron density increase in the subsurface regions gener-
ted by the beam propagating inside the material [25]. It
s observed that a strong decrease in transmission is
eached very quickly 400 fs in both materials confirm-
ng the presence of a free-electron plasma, sufficiently
ense as to absorb and reflect most of the probe pulse in
t1 ps [26]. Interestingly, the transient transmission is
educed over the entire spot in both materials throughout
he entire delay window. As opposed to reflectivity mea-
urements, transmission measurements alone are thus
ot able to distinguish between the free-electron plasma
ormation and ablation. This can be also seen in Fig. 2(a2)
nd 2(b2), where no pronounced ring structure can be
een at the positions that correspond to 6.4 J/cm2 in
used silica and 7.1 J/cm2 in sapphire, unlike what is ob-
erved in Fig. 1(a2) and 1(b2).
A quantitative assessment of the temporal evolution of
he transmission at different local fluences [Fig. 2(a4) and
(b4)] reveals a very fast decrease in both materials,
ithin t400 fs at the peak fluence. The reason for the
elatively long time to reach the reflectivity maximum
t1.5 ps compared to the pulse duration is caused in
art by the increased group velocity dispersion contribu-
ion in the case of reflectivity measurements. However,
his cannot be the sole reason for the exceptionally long
ime needed to reach Rmax and we propose that impact
onization contributes even after the pulse has finished,
s recently proposed by Rethfeld [27]. For lower local flu-
nces, the minimum in transmission is temporarily de-
ayed, in line with the behavior of the reflectivity maxi-
um. The recovery of the transmission occurs generally
aster in fused silica than in sapphire for all local fluences
lotted, indicating a shorter lasting plasma relaxation
nd/or ablation process. This aspect will be analyzed in
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ig. 2. (Color online) The upper row shows transmission imag
ifferent delay times t after arrival of the pump pulse pump=8
ized to better visualize their most characteristic features. Low
apphire] show the temporal evolution of the transmission at dif
icated in (a2) and (b2). The dashed horizontal lines indicate theetail in Subsection 3.C, once we have equipped us with
n estimate of the plasma densities involved as provided
n the following section.
. Estimation of Electron Plasma Densities using the
rude Model
he electron plasma density induced in a laser-material
nteraction process can be estimated by comparing experi-
ental data from optical probing to calculations made us-
ng the Drude model for a free-electron gas [28]. The op-
ical reflectivity of an electron gas at normal incidence is
iven by the Fresnel equation [29],
R = k1 − k2k1 + k2
2
, 1
here the wave vectors k1 and k2 are given by k1
2
2= n1 /c2 and k2
2=  /c2n2
2− p /21+ i /−1,
ith p
2=nee2 /m0 being the plasma frequency,  the
robe beam frequency =400 nm, n1 the refractive in-
ex of the medium of incidence (air) and n2 the refractive
ndex of the dielectric at the probe beam wavelength, c
he vacuum speed of light, 0 is the vacuum dielectric per-
ittivity, and m and e are the electron mass and charge,
espectively. The damping constant  represents the scat-
ering time that is generally assumed to be inversely pro-
ortional to the photo-generated carrier density ne (i.e.,
=lnc /ne) [30]. The critical electron density is given by
c=0m2 /e2, which in our case yields a value of nc=7
1021 cm−3 [31].
Figure 3 shows the calculated reflectivity and skin
epth 	−1 (with the absorption coefficient 	=Im2k2) val-
es as functions of ne in fused silica [Fig. 3(a)] and sap-
hire [Fig. 3(b)]. The calculations have been made with
1=2 fs similar to the one reported by other authors [32].
his parameter mainly affects the reflectivity amplitude
alue and not the overall behavior of the curves. Using ex-
erimental reflectivity values we can estimate the elec-
ron plasma density attained. However, care has to be
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Puerto et al. Vol. 27, No. 5 /May 2010/J. Opt. Soc. Am. B 1069aken at fluences where ablation is involved in the inter-
ction process since ablation strongly reduces the surface
eflectivity, directly counteracting the reflectivity increase
roduced by the free-electron plasma. In such situations,
.e., in the central region of the spot, the model might
ield an underestimation of the free-electron density.
The transient electron densities corresponding to the
aximum value of the experimental reflectivity at a high
uence in fused silica Rmax11.9 J/cm2=0.23 and sap-
hire Rmax13.1 J/cm2=0.24 are approximately 1.7
1022 and 3.01022 cm−3, respectively. The resulting val-
es for the minimum transient optical skin depth at the
00 nm wavelength are 53 and 31 nm in fused silica and
apphire, respectively. Such small skin depths are ex-
ected to induce transient transmission values close to
ero, which is consistent with the experimental values
c.f. Fig. 2) observed in fused silica Tmin11.9 J/cm2
0.13 and sapphire Tmin11.6 J/cm2=0.14. The compa-
able value of Tmin for both materials and the fact that the
ransmission never reaches zero indicate saturation of the
bsorption process, which might be related to a depletion
f the valence band.
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ig. 3. (Color online) Calculations of surface reflectivity (solid
ine) and skin depth (dashed line) of a free-electron plasma sur-
ace layer as functions of the electron density ne in (a) fused silica
nd (b) sapphire using the Drude model at the probe beam wave-
ength of 400 nm. The full circles mark the maximum experimen-
al reflectivity values at high and low fluences, R1 and R2, respec-
ively, whereas the open circles mark the resulting skin depth
alues 	1
−1 and 	2
−1.While the values determined with the model at the
eak fluence might be underestimating the actual tran-
ient electron density, at local fluences below the ablation
hreshold the model should yield a more precise estima-
ion. Practically, this refers to the region surrounding the
blating crater, i.e., the region showing a bright ring of in-
reased reflectivity at t7 ps [c.f. Fig. 1(a2) and 1(b2)].
he transient reflectivity maxima at these positions, cor-
esponding to certain local fluences, can be extracted from
ig. 1(a4) and 1(b4) (star symbols) as Rmax6.4 J/cm2
0.1 for fused silica and Rmax7.1 J/cm2=0.11 for sap-
hire. The respective ne-values extracted from Fig. 3 are
.41022 and 2.21022 cm−3, and the skin depths yield
alues of 	−1=92 nm for fused silica and 	−1=55 nm for
apphire. The difference by almost a factor of 2 between
oth materials is consistent with the difference in the ex-
erimentally observed minimum values of the transient
ransmission, Tmin6.4 J/cm2=0.4 in fused silica and
min7.1 J/cm2=0.2 in sapphire.
. Dynamics of Free-Electron Plasma Relaxation
quite precise estimation of the relaxation time of the
ree-electron plasma can be obtained from the transient
eflectivity [Fig. 1(a4) and 1(b4)] and transmission [Fig.
(a4) and 2(b4)] measurements for fluences below the ab-
ation threshold (6.4 J/cm2 in fused silica and 7.1 J/cm2
n sapphire). We define the relaxation time trelax as the
ime needed to recover to 1/e of the total peak the initial
eflectivity/transmission change; trelax,R= tRmax−R0 /e
tRmax and trelax,T= tT0− T0−Tmin /e− tTmin. The
eflectivity measurements yield apparently short values
or trelax,R6 ps and 3 ps, respectively, for fused silica
nd sapphire, which are of the order of the values re-
orted in [13]. However, relaxation times determined
rom transmission measurements are markedly longer,
relax,T30 ps and 250 ps. The underlying reason for
his pronounced difference can be understood already
ithin the frame of the Drude model. The reflectivity is
nly sensitive to dense plasmas with ne
nc (see Fig. 3),
hereas the transmission is sensitive to much lower
lasma densities because the decrease in transmission is
ot only caused by an increase in R but also by an in-
rease in absorption over the skin depth (c.f. Fig. 3). As a
onsequence, the strong dependence of the skin depth on
e has a strong influence on transmission, even at longer
elay times. In this sense, the trelax,T values allow for a
ore precise monitoring of plasma relaxation times.
The trelax,T values we observe in sapphire (250 ps) are
uch higher than those observed in fused silica (30 ps).
his difference might be related to the much stronger
lectron-phonon coupling in fused silica [33], which also
as the particularity to quickly form self-trapped excitons
STEs) [34] and color centers. In absolute terms, our val-
es for sapphire are comparable to the values reported in
he literature (100 ps) [34], whereas for fused silica they
re not quite as low as those reported in the literature
150 fs) [34,35]. A likely reason for this difference is the
uch higher laser intensity in our experiment, yielding
uch higher electron densities (by 1–2 orders of magni-
ude) compared to [34–36]. At such high intensities the re-
axation times include a broad spectrum of relaxation
echanisms such as phonon emission and scattering,
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on-radiative recombination [6,34,37]. We therefore be-
ieve that our findings of much longer relaxation times in
used silica, compared to values reported in the literature
or low excitation experiments, are important for under-
tanding that STEs and other ultrafast trapping mecha-
isms can be overtaken by other mechanisms at high in-
ensities. The interpretation of differences in the ablation
orphology in terms of differences in the electron trap-
ing dynamics has thus to be carefully invoked at high ex-
itation levels [9].
. Study of the Crater Topography and Material
odifications
igure 4 shows transient reflectivity images of fused
ilica [Fig. 4(a)] and sapphire [Fig. 4(b)] at t=7 ps R7 ps
nd at t=a few seconds R after irradiation with a
igh pump pulse fluence. Comparing these images [Fig.
(a1) and 4(a2), and Fig. 4(b1) and 4(b2)] one notices that
he high reflectivity ring in R7 ps lies outside the border of
he visible ablation crater border seen in R, for both ma-
erials. This fact ultimately confirms what had already
een deduced from the evolution of the reflectivity with
he delay time in Fig. 1(a4) and 1(b4) (star symbols): The
resence of a free-electron plasma outside the ablating re-
ion. Yet, WLM images RWLM of the same region [Fig.
(a3) and 4(b3)] do reveal some sort of surface modifica-
ion outside the ablation crater, spatially coincident with
he bright ring of the 7 ps reflectivity image [Fig. 4(a1)
nd 4(b1)]. In particular, fused silica shows a featureless
rater surrounded by a weak ring of higher reflectivity
Fig. 4(a3)] [10], while sapphire shows a crater full of fis-
ures surrounded by a gray annulus [Fig. 4(b3)].
We have measured the crater topography using an OIM
nd Fig. 4 includes the obtained horizontal cross-sections
hrough the crater centers in fused silica [Fig. 4(a4)] and
apphire [Fig. 4(b4)]. The topographic profile in fused
ilica is smooth with a depth of 150 nm, which is gradu-
lly reduced toward the crater edge. Besides, a change in
he slope of the crater wall [Fig. 4(a4), blue arrows] can be
ppreciated at that radial distance, where the WLM im-
ge [Fig. 4(a3), RWLM] features a ring of enhanced reflec-
ivity. On the other hand, the topography profile in sap-
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 after a
b3) show WLM images of the same region. The images size is 58
b4) show horizontal topography profiles through the crater cente
f the crater walls in fused silica (a4) and a weak surface depreshire [Fig. 4(b4)] shows a crater with a maximum depth
f 150 nm whose inner surface is rougher than that in
used silica, surrounded by a weak depression at the same
adial distance as the gray annulus in Fig. 4(b3).
An interesting point is that the crater depths in both
aterials are similar, despite their different bandgap val-
es (Eg=7.2 eV in fused silica and Eg=9.9 eV in sap-
hire). The negligibly higher fluence in sapphire
12.5 J/cm2, compared to 11.9 J/cm2 in fused silica) can-
ot possibly make up for the fact that seven photons are
eeded to bridge the gap, compared to five in fused silica.
n order to investigate the underlying reasons for this ap-
arent inconsistency we have performed in both materials
series of single pulse irradiations at increasing peak flu-
nces F0. The series of ablation craters has been mea-
ured with an OIM, determining the individual maximum
rater depth dmax. Figure 5 shows the experimental data
btained for both materials. The curves for fused silica
Fig. 5(a)] and for sapphire [Fig. 5(b)] both show a char-
cteristic saturating behavior at 180 nm crater depth
or the highest fluences. In order to analyze the absorp-
ion process in detail, we have used a simple physical
odel of pure multi-photon absorption of the order m, ne-
lecting free-carrier absorption, absorption saturation,
arrier diffusion, recombination, and other energy relax-
tion processes during the laser pulses [38,39]. In that
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Puerto et al. Vol. 27, No. 5 /May 2010/J. Opt. Soc. Am. B 1071odel (which for simplicity assumes a temporal square
ulse), the change in the local fluence F within the ab-
orbing material along the beam direction z can be de-
cribed by the differential equation dF /dz=−	mFm, with
hem-photon absorption coefficient 	m. Solving this equa-
ion for m2 along with the boundary condition that
hreshold fluence Fth is reached at the ablation crater bot-
om directly leads to the following polynomial expression
or the ablation crater depth dmax as a function of the
eak fluence F0Fth:
dmax = Bm −
Am
F0
m−1 . 2
he constants Bm= m−1	mFth
m−1−1 and Am= m
1	m−1 can be used as fit parameters to determine Fth
nd 	m from a least-squares-fit to the experimental data
hown in Fig. 5 (solid line). Figure 5 also shows the fits
ccording to the Lambert–Beer law [12] (dashed lines) for
inear absorption in both materials in order to illustrate
he pronounced deviation of the data from this case.
Assuming that the simultaneous absorption of five pho-
ons m=5 dominates the energy deposition in fused
ilica leads to an excellent agreement between the experi-
ental data and the least-squares-fit over the entire flu-
nce range [see the solid line in Fig. 5(a)], with Fth,FuSi
5.4 J/cm2 and 	5,FuSi=16 cm7/J4. Although this agree-
ent does not imply the full validity of the model, which
s too simple, it does suggest that multi-photon ionization
lays a key role in energy deposition. In this sense, a
imilar behavior of the ablation process in fused silica is
bserved by Jia et al. [40], which includes in the model not
nly multi-photon ionization but also avalanche ioniza-
ion with a reasonable fit. The experimentally determined
hreshold value in Fig. 5(a) yields consistently Fth
5.5 J/cm2, using as a criterion the mean fluence value
etween zero and the minimum crater depth. Even when
onsidering that for crater depths of dmax25 nm no ab-
ation occurs but electron plasma-induced densification
nd surface depression, as shown in [10], only a slightly
igher value of Fth=5.6 J/cm2 is obtained, still consistent
ith the simple model.
A similar analysis for the case of sapphire m=7 also
hows a reasonable agreement with the experimental
ata for fluences larger than 8 J/cm2 [see the solid line
n Fig. 5(b)], with Fth,sapphire=7.0 J/cm2 and 	7,sapphire
8.7 cm11/J6. Interestingly, the experimental data points
catter considerably more than for fused silica, which
ay be related to the material being crystalline and more
ulnerable to the presence of trapping sites, lattice-
mpurities, or defects [41]. Furthermore, the fit does not
eproduce with a satisfactory precision the data evolution
n the low fluence range. In particular deviations are
ound in the extremely sharp ablation threshold and the
udden increase in the crater depth, also observed by
uizard et al. [42]. The sharpness of the threshold in the
epresentation of the experimental data shown in Fig.
(b) facilitates its determination using as a criterion the
ean fluence value between zero and the minimum crater
epth, yielding a value of Fth=7.5 J/cm2, higher than the
alue deduced from the fit. Still, compared to fused silica,he ablation threshold in sapphire is much higher, consis-
ent with the higher bandgap.
In this context another relevant material property is
he latent heat of melting Hm, which has to be provided
efore the temperature of the melt can be increased be-
ond the melting temperature Tm. Hm is much higher
or sapphire (111.1 kJ/mol) than for fused silica (8.51 kJ/
ol) [43], in line with the observation of a higher thresh-
ld value. This large difference is related to the different
hase transitions in both materials. While in sapphire
elting is a first-order phase transition, in fused silica a
econd-order phase transition, liquefaction, occurs. The
late start” in sapphire (higher value of Fth), is compen-
ated for increasing fluences by a dramatic rise in crater
epth, a behavior whose driving force (high plasma pres-
ure on the molten material) is investigated in detail in
ubsection 3.E. It leads to a situation in which at high
uences both materials show the same crater depth.
In short four main observations can be made compar-
ng both materials: (i) The ablation threshold in sapphire
s higher, (ii) it is more sensitive to fluence values very
lose to this threshold, (iii) similar maximum crater
epths are reached, and finally (iv) both materials gener-
lly show a behavior as predicted by Eq. (2) for their cor-
esponding orders of multi-photon absorption. All these
bservations clearly indicate that multi-photon absorp-
ion of different orders is essential in the ablation process
f both dielectrics under investigation, although it only
orms the initial seed for other processes to start.
An investigation of the outer region of the crater in
oth materials brings up clear differences. The barely vis-
ble gray ring surrounding the crater in sapphire [Fig.
(b3)] is in clear contrast to the bright ring in fused silica
Fig. 4(a3)], which points to a different origin of the ob-
erved surface depression in sapphire. In a previous work
e have shown that this reflectivity increase in fused
ilica, consistent with a positive change in the refractive
ndex, is in turn consistent with a laser-induced densifi-
ation process [10] in this region, as opposed to an abla-
ion process. However, since in sapphire its density
sapphire=3.98 g/cm3 is already high, almost twice that of
used silica FuSi=2.20 g/cm3 and the material is single-
rystalline, it is difficult to achieve densification in this
ase. Watanabe et al. [7] observed a similar behavior in
apphire, namely, an ablation crater with much steeper
alls, surrounded by a subtle surface depression. The au-
hors proposed Coulomb explosion as the possible origin
f the depression in the outer region, in which binding
lectrons are being torn off and the resulting charged ions
eparate by Coulomb repulsion. The initial condition for
his process to happen, tearing off of binding electrons, is
eadily met if we recall the presence of the free-electron
lasma observed in this spatial region [Fig. 4(b1)], whose
ensity ne=2.21022 cm−3 is even larger than in the
ase of fused silica ne=1.41022 cm−3. This picture is
onsistent with that given in other works [8,44], where
oulomb explosion is held responsible for a gentle abla-
ion process, upon which only a thin layer of a few nanom-
ters is removed, whereas strong ablation is defined as a
rocess upon which drastically more material is removed.
t is worth emphasizing though that generally studies on
oulomb explosion refer to experimental results obtained
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1072 J. Opt. Soc. Am. B/Vol. 27, No. 5 /May 2010 Puerto et al.pon multiple pulse irradiation (e.g., [8,44].), where incu-
ation plays a major role. In contrast, our work and that
f [7] focuses on single pulse results.
The modifications surrounding the ablation crater, i.e.,
t reduced local fluences, are more clearly seen in irradia-
ion results obtained at lower peak fluences, only slightly
bove Fth. Figure 6 compares results obtained from single
ulse irradiations at 5.8 J/cm2 in fused silica and
.6 J/cm2 in sapphire, using femtosecond time-resolved
icroscopy, AFM, and WLM. The different characteristics
f spatial regions are marked by ellipses in the images
nd by arrows in the plots. In fused silica, essentially two
egimes can be seen: Regime I (circumvented by dotted
ines): A central region with weak signs of the onset of ab-
ation, in particular a slightly more granular appearance
n [Fig. 6(a1)] and a lowered reflectivity in [Fig. 6(a4)],
nd Regime II (circumvented by dashed lines): A sur-
ounding annular region with increased reflectivity [Fig.
(a4)]. Despite the small but noticeable differences be-
ween the two regimes, the cross-sectional AFM depth
rofile [Fig. 6(a5)] does only reveal the transition from the
nnular region to the non-affected material, but not the
ransition to the central disk. This is an indication that
he fluence chosen is indeed very close to the ablation
hreshold, which is confirmed by the depth measured of
max28 nm.
In contrast three regimes can be seen in sapphire: Re-
ime I (circumvented by solid lines): A central region with
trong signs of ablation, in particular a crater rim in Fig.
(b1) and a deep crater in Fig. 6(b3) that can be quanti-
ed to a depth of dmax70 nm [Fig. 6(b5)] with much
teeper walls; Regime II (circumvented by dotted lines): A
urrounding annular region, showing strong signs of sur-
ace cracks [Fig. 6(b1), 6(b3), and 6(b4)]; and Regime III
circumvented by dashed lines): A larger surrounding an-
ig. 6. (Color online) Images: (a1)–(a4) and (b1)–(b4) show surfa
.8 J/cm2 in fused silica and (b) 7.6 J/cm2 in sapphire. The image
s [(a2),(b2)] a few seconds after the arrival of the pump pulse [(a
s in all cases 35 m23 m and the contrast has been optimiz
ions, as detailed in the text. Plots: (a5) and (b5) show horizonta
solid line) of the AFM images. The arrows indicate the radial poular region, displaying no cracks but a reduced reflectiv-
ty [Fig. 6(b4)] and a weak surface depression [Fig. 6(b5)]
f d5 nm. It is this third region, which shows signs of a
oulomb explosion process to take place, producing a
entle ablation [7,8].
The cracked rough surface of sapphire in Regime II in
ombination with the much steeper slope of the crater
all even at fluences close to the ablation threshold indi-
ates a fundamentally different ablation process com-
ared to fused silica. The appearance of cracks in sap-
hire is possibly related to its much higher stiffness,
hich causes the material to fracture more easily instead
f deforming it upon external pressure. For comparison,
he value of Young’s modulus E is 340 GPa for sapphire
ompared to 72 GPa for fused silica. This interpretation of
he origin of the surface cracks is supported by their ori-
ntation, which is not well defined but on average ap-
roximately parallel to the laser polarization and their
pacing, which is of a few microns. For electric-field-
nduced fracture reported in the literature [45], the orien-
ation should be perpendicular to the laser polarization
nd the spacing shorter than the laser wavelength.
The existence of different and complex surface modifi-
ations around the visible ablation crater in both materi-
ls suggests that it might be useful to define a minimum
hreshold for any surface modifications to take place
FsurfFth. A possible common criterion is the maximum
patial extension of the free-electron plasma, which
eems to extend to the outermost permanent surface
odification in both materials [outermost dashed ellipses
n Figs. 6(a) and 6(b)]. Conceptually, this criterion was al-
eady introduced by Varel et al. [20]; our method provides
dditional spatial and temporal resolutions, thus increas-
ng considerably the precision. For this we have measured
he spatial extension of the electron plasma at t=7 ps
ons after irradiation with a single femtosecond laser pulse at (a)
been recorded with the femtosecond-microscope at a delay of 7.5
)], with (a3),(b3) an AFM and (a4),(b4) the WLM. The image size
e ellipses are included to aid the eye to distinguish different re-
-sections through the center (dashed line) and radial averaging
of the ellipses in the above images.ce regi
s have
1),(b1
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Puerto et al. Vol. 27, No. 5 /May 2010/J. Opt. Soc. Am. B 1073elay at increasing fluences and plotted the squared di-
meter of the spatial extension versus the logarithm of
he peak laser fluence (data not shown here). By extract-
ng the intersection with the fluence axis [46], it is pos-
ible to determine the threshold fluence for the free-
lectron plasma formation Fe-plasma. We obtain values of
.9 J/cm2 for fused silica and 5.8 J/cm2 for sapphire. The
ifferent bandgaps of both materials are most likely the
ain reason for the different threshold values since for a
ower bandgap the order of absorption is reduced and con-
equently less laser pulse energy is required to generate a
ritical density of electrons.
. Temporal Evolution of the Crater Formation: Ejection
ynamics of Molten Material
esides the ability to temporally and spatially resolve the
ormation and decay of free-electron plasmas as shown in
igs. 1 and 2, our technique also allows observing tran-
ient optical effects produced during the formation of the
blation crater. Figure 7 shows representative transient
eflectivity images of fused silica [Fig. 7(a)] and sapphire
Fig. 7(b)] covering a delay range from hundreds of pico-
econds to a few nanoseconds after the arrival of the
ump pulse. In this temporal window, hardly ever inves-
igated by ultrafast pump-probe studies, a striking differ-
nce between both materials is observed: the existence of
transient optical fringe pattern surrounding the abla-
ion crater in sapphire. This fringe pattern appears ap-
roximately at t200 ps [Fig. 7(b1)], reaches its maxi-
um modulation depth at t400 ps [Fig. 7(b2)], and
egins to fade at t2 ns [Fig. 7(b3)], although still being
resent at t20 ns [c.f. Fig. 1(b3)]. However, in the final
mage recorded several seconds after irradiation, the pat-
ern has disappeared [Fig. 7(b4)]. The fringe pattern has
n approximately constant periodicity with the delay time
nd only shows changes in the modulation depth of the
eflectivity, as mentioned above.
As we will show in the following, the appearance of the
ringe pattern can be attributed to scattering of the probe
eam at a transient crater rim, composed of an ejected
olten material. The scattered probe light interferes at a
iven position outside the rim with a directly incident
robe light, producing a periodic fringe pattern due to
onstructive/destructive interference. The change in the
odulation depth of the pattern is thus a direct measure
f the formation/disappearance of the transient rim of the
300 ps
(a1)
500 ps
(a2)
410 ps
(b2)
200 ps
(b1)
ig. 7. Time-resolved reflectivity images of (a) fused silica and
ump pulse lasers of 11.9 and 13.1 J/cm2, respectively. The framolten material, reaching its maximum visibility at t
410 ps, indicated by the peak in the modulation depth.
In order to rule out other possible origins for the ring
attern such as surface acoustic wave propagation or
ther phenomena caused by lattice vibration, we have re-
orded images using two different probe beam wave-
engths of 800 nm [Fig. 8(a1)] and 400 nm [Fig. 8(b1)].
he apparently strong signal observed in the center of the
pot at 800 nm in Fig. 8(a1) is an artifact caused by the
catter of the pump pulse. Yet, despite the problem of
catter artifacts in the spot center, the region surrounding
he crater is not affected and the fringe pattern can be ob-
erved clearly. A visual comparison of the transient im-
ges at 400 and 800 nm probe wavelength [Fig. 8(a1) and
(b1)] already shows that the period of the fringe pattern
cales approximately with the probe wavelength. The ver-
ical intensity cross-sectional profiles (normalized to the
eflectivity of the non-excited surface) through the spot
enter of these images [Fig. 8(a2) and 8(b2)] allow a quan-
itative determination of the spatial period, yielding val-
es of 2.5 m at 800 nm and 1.3 m at 400 nm. This
onfirms a linear scaling of the fringe period with the
robe wavelength and further supports our interpretation
f diffraction of the probe light at a transient rim of the
xcited/molten material to be the origin of the fringe pat-
ern.
A similar transient fringe pattern has already been ob-
erved by Stojanovic et al. [47], although the authors did
ot discuss it. Using femtosecond pump-probe microscopy
ith a 532 nm 10 ps probe pulse they image the ablation
ynamics in silicon induced by an extreme ultraviolet (33
m wavelength) 25 fs free-electron-laser pulse. As in our
ase, a transient fringe pattern is observed that appears
ithin the same time scale than ours, and which also
hows a constant periodicity and changing modulation
epth. In contrast to ours, their fringe pattern does not
isappear in the final structure produced, which is consis-
ent with their observation of a permanent crater rim af-
er irradiation, featuring signs of a splashed molten ma-
erial that has resolidified, forming a permanent rim.
We thus interpret the appearance of the rim at t
200 ps in Fig. 7 as the formation of a transient elevation
f the molten material, produced by the piston effect of
he expanding plasma, which exerts strong forces onto the
olten layer underneath. The molten layer is compressed
nd the melt pushed toward regions of lower pressure,
ns
3)
ns
3) (b4)
∞
(a4)
∞
phire at long delay times (see labels) after the irradiation with
is in all cases 58 m37 m.1
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1074 J. Opt. Soc. Am. B/Vol. 27, No. 5 /May 2010 Puerto et al..e., radially outside building up a transient wave front of
onsiderable amplitude. A similar process is proposed by
en-Yakar et al. [12] to explain the formation of a perma-
ent elevation surrounding ablation craters in a borosili-
ate glass after solidification. In contrast, the pronounced
levation in sapphire is only of transient nature as can be
een by the absence of a pronounced rim in the depth pro-
le [Fig. 4(b4)]. We attribute this very different behavior
f sapphire to another property of the molten phase, the
iscosity . Table 1 includes viscosity values for molten
used silica and sapphire at low, moderate, and high tem-
eratures [48,49]. For all temperatures the material vis-
osity order is fused silicasapphire. The scenario we pic-
ure is the following: The high viscosity of the molten
used silica slows down the movement of the molten ma-
erial underneath the ablating material to the border of
he ablation crater. As a result fused silica does not show
transient fringe pattern in the picosecond–nanosecond
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ig. 8. Time-resolved images of a sapphire surface upon irradia-
ion with a 800 nm femtosecond laser pulse at (a1) 11.9 and (b1)
3.1 J/cm2, illuminated with a femtosecond probe pulse at two
ifferent probe wavelengths probe. (a1) probe=800 nm at t
600 ps; (b1) probe=400 nm at t=410 ps. The bright granular ap-
earance of the central region in (a1) is an artifact, caused by
catter of the 800 nm pump beam, which is suppressed in (b2) by
pectral filtering. In both cases, only the surrounding region
howing the fringe pattern is analyzed. The image size is
1 m58 m and the contrast has been optimized. (a2) and
b2) show the normalized vertical intensity profiles of (a1) and
b1), respectively.
Table 1. Material, Thermal, and Optical Properties
Values Determine
Melting/softening temperature Tm (K)
Density  g/cm3
Heat capacity Cp [J/(kg K)]
Latent heat of melting (kJ/mol)
Ablation threshold Fth J/cm2
Free-electron plasma threshold Fe-plasma J/cm2
Viscosity at high T (Pa s)
Viscosity at moderate T (Pa s)
Viscosity at low T (Pa s)elay range [Fig. 7(a)]. The high viscosity may also be the
nderlying reason for fused silica to show such a smooth
rater topography [Fig. 4(a4) and Fig. 6(a5)]. Molten sap-
hire, with its very low viscosity, easily responds to the
ecoil pressure distribution provided by the ablating ma-
erial, allowing for the formation, growth, and movement
f transient rims of the molten material [Fig. 7(b1)–
(b3)]. However, it is also the very low viscosity of molten
apphire that prevents the formation of a significant per-
anent elevation upon solidification.
Despite the very different crater topography and tran-
ient ablation behavior as shown in Fig. 7, neither sap-
hire nor fused silica shows a significant permanent el-
vation in the final crater border topography. This is in
trong contrast to studies of the borosilicate glass [12]
howing a pronounced elevation and clear signs of splash-
ng of the ejected molten material, resolidified around the
rater. We attribute this difference mainly to the exces-
ively high fluence used in [12], F0
peak25–68 J/cm2, and
he viscosity values lying in between those of fused silica
nd sapphire (borosilicate glass1–10 Pa s at T
2500 K).
. CONCLUSION
e have performed a detailed study of the spatial and
emporal evolutions of the dynamics of the plasma forma-
ion and ablation process of fused silica and sapphire
pon irradiation with single femtosecond laser pulses. An
nalysis of the dynamical aspects has allowed us to deter-
ine the relaxation times of the free-electron plasma
ear the ablation threshold (t30 ps in fused silica and
t250 ps in sapphire). The different values could be a
ain reason for our observation of a longer lasting abla-
ion process in sapphire. As for the surface topography of
he irradiated regions, above the ablation threshold the
rater is surrounded by a weak surface depression in both
aterials, although of different origins and characteris-
ics. While in fused silica material densification origi-
ated by the electron plasma seems to be the main cause,
n sapphire Coulomb explosion appears to be the driving
orce at low fluences. Moreover, sapphire features an in-
ermediate regime covered with surface cracks, whose ori-
in is consistent with being caused by the high recoil
ressure of the expanding plasma. The evolution of the
rater depth with laser fluences can be described with a
asic model taking into account the different bandgaps of
sed Silica and Sapphire, along with the Threshold
his Paper [48,49]
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Puerto et al. Vol. 27, No. 5 /May 2010/J. Opt. Soc. Am. B 1075he materials. A transient elevation of the molten mate-
ial is observed in sapphire within a time-window of hun-
reds of picoseconds, not present in fused silica. The ex-
remely low viscosity value of the molten sapphire is
dentified as the probable reason for this phenomenon.
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